Mammalian and prokaryotic high-temperature requirement A (HtrA) proteins are chaperones and serine proteases with important roles in protein quality control. Here, we describe an entirely new function of HtrA and identify it as a new secreted virulence factor from Helicobacter pylori, which cleaves the ectodomain of the cell-adhesion protein E-cadherin. E-cadherin shedding disrupts epithelial barrier functions allowing H. pylori designed to access the intercellular space. We then designed a small-molecule inhibitor that efficiently blocks HtrA activity, E-cadherin cleavage and intercellular entry of H. pylori.
INTRODUCTION
High-temperature requirement A (HtrA) and its homologues are widely expressed as proteases and chaperones in prokaryotes and eukaryotes with crucial roles in protein quality control. Escherichia coli expresses the three proteases DegP, DegQ and DegS, the activities of which are differentially regulated. DegP is well characterized in its function as an ATP-independent chaperone protease that is converted to active forms on substrate binding (Jiang et al, 2008; Krojer et al, 2008) . In contrast to the regulatory protease DegS that processes the anti-sigma factor RseA, DegP degrades unfolded proteins into small peptides. HtrAs have a highly conserved trypsin-like serine protease domain and at least one PSD-95/Discs-Large/ZO-1 domain. Furthermore, human HtrA1 contains an insulin-like growth-factor-binding protein domain and a serine protease inhibitor motif (Zumbrunn & Trueb, 1996) . The bacterial proteases are mainly involved in eliminating misfolded proteins, whereas HtrA proteins are implicated in severe disorders, including whereas Alzheimer diseases, arthritis and cancer (Meltzer et al, 2009) .
We have previously demonstrated that Helicobacter pylori secretes HtrA (HpHtrA) into the extracellular space, but the function of this is as yet unknown (Lö wer et al, 2008) . H. pylori is an important pathogen that colonizes the gastric epithelium, where it disrupts mucosal integrity and induces severe inflammatory responses or gastric cancer (Peek & Blaser, 2002; Cover & Blanke, 2005) . Several studies have shown that the soluble H. pylori factors vacuolating cytotoxin A (VacA) or urease can selectively reduce the transepithelial electrical resistance (TER) of gastric epithelial cells, which is a measurable indicator of epithelial integrity (Papini et al, 1998; Wroblewski et al, 2009 ). Other studies have indicated that disruption of cell junctions requires another injected bacterial factor, cytotoxin-associated gene A, which might target tight and adherence junctions intracellularly (Amieva et al, 2003; Murata-Kamiya et al, 2007) . Thus, the mechanism by which H. pylori disrupts the gastric epithelial barrier remains unclear.
We demonstrated recently that H. pylori induces ectodomain cleavage of E-cadherin in polarized cells by an unknown mechanism (Weydig et al, 2007) . E-cadherin represents a mammalian cell surface protein that has essential functions in cell adhesion and tumour suppression. In gastric cancer, proteolytic release of the E-cadherin ectodomain is an important prognostic marker (Chan, 2006) . The matrix metalloproteases MMP3, MMP7 and a disintegrin and metallopeptidase 10 (ADAM10) were identified to cleave E-cadherin extracellularly, generating a soluble fragment that impairs cell adhesions (Noe et al, 2001; Maretzky et al, 2005) . In fact, some of these proteases are induced by H. pylori infection and might contribute to the disruption of epithelial integrity (Ogden et al, 2008; Schirrmeister et al, 2009) .
Here, we provide the first direct evidence that HpHtrA acts as a specific E-cadherin protease, which effectively destroys adherence junctions in polarized epithelial cells. We also describe the identification of a pharmacological lead compound that prevents HtrA-mediated E-cadherin cleavage and loss of adherence junctions. Our results reveal a new mechanism that explains how H. pylori disrupts the epithelial barrier as an important step in bacterial pathogenesis.
RESULTS AND DISCUSSION

H. pylori-secreted HtrA cleaves E-cadherin
Full-length 125-kDa E-cadherin (E-Cad-FL) can be cleaved in the extracellular domain amino-terminal fragment (NTF), generating a 40-kDa carboxy-terminal fragment (CTF1), which can be further processed by intracellular activities into a soluble 33-kDa CTF2 fragment ( Fig 1A) . After colonizing MKN-28 gastric epithelial cells with H. pylori, we detected ectodomain cleavage of E-cadherin, as monitored by the extracellular NTF in cell supernatants. Conversely, the amount of E-Cad-FL decreased in cell lysates, and intracellular CTF1 and CTF2 levels increased, as expected ( Fig 1B) . Comparison between the amount of soluble NTF and the total amount of E-Cad-FL indicated that NTF supernatant levels increased from 0.3±0.4% to 38.2±11.8% 24 h after infection (supplementary Fig S1A online) .
Ectodomain E-cadherin cleavage occurs frequently and is an important step in the pathogenesis of inflammatory responses or neoplastic transformation (Chan, 2006) , a phenomenon that was attributed to MMPs and ADAM10 (Fig 1A) . Hence, we focused on shedding of the E-cadherin ectodomain and tested whether MMP or ADAM10 activity is involved in H. pylori-mediated E-cadherin cleavage. In agreement with previous studies, MMP7 was upregulated in H. pylori-infected MKN-28 cells (supplementary Fig S1C online) . Recombinant E-cadherin containing the extracellular domain was efficiently cleaved by using recombinant MMP7, which was inhibited by increasing concentrations of MMP inhibitor II (supplementary Fig S1B online) . Independently of mRNA induction (supplementary Fig S1C online) , we observed an increase in mature ADAM10 protein in response to H. pylori (Schirrmeister et al, 2009) , which was strongly downregulated using ADAM10-specific short interfering RNA (siRNA; Fig 1C) . However, neither inhibition of MMPs nor further downregulation of ADAM10 efficiently blocked H. pylori-mediated E-cadherin cleavage on host cells (Fig 1C) . We also used several inhibitors to block a wide range of proteases (data not shown), suggesting another major protease in H. pylori-induced E-cadherin fragmentation. ; 5 Â IC 50 ) or treated with ADAM10 siRNA followed by infection with H. pylori. Soluble NTF in supernatants and E-Cad-FL in whole-cell lysates were detected. Mature ADAM10 (60 kDa) and GAPDH are shown as controls. ADAM10, a disintegrin and metallopeptidase 10; E-Cad-FL, full-length 125-kDa E-cadherin; MMP, matrix metalloprotease; siRNA, short interfering RNA.
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Previously, we observed that a secreted H. pylori factor induced ectodomain E-cadherin shedding (Weydig et al, 2007) and identified H. pylori-secreted HtrA as an active caseinolytic protease with unknown functions (Lö wer et al, 2008) . To analyse whether HpHtrA acts as an E-cadherin protease, we incubated increasing amounts of HpHtrA wt and an inactive variant HpHtrA SA with recombinant E-cadherin. Low concentrations of HtrA wt , but not HtrA SA efficiently degraded E-cadherin, as monitored by the loss of E-Cad-FL and increase of the cleaved 85-kDa NTF (Fig 2A) .
HtrA proteins are widely distributed in the mammalian and prokaryotic kingdoms, suggesting that they have functional similarities. Sequence alignment of HpHtrA with E. coli DegP is significant (BLAST (Altschul et al, 1990) : e-value ¼ 10 À76 , sequence identity ¼ 42%), although the putative active sites around Ser 221 differ with regard to their polarity and subpocket shape (supplementary Fig S2C online) . Despite having similar overall folds, the human HtrA1 contains different and more polar residues in parts of the active site, which might result in different target specificity (supplementary Fig S2A,B online ).
HtrA1 has been described to degrade fibronectin that might be involved in cartilage catabolism (Grau et al, 2006) . On the basis of the observed differences between HpHtrA and hHtrA1 (supplementary Fig S2B online) , we asked whether HpHtrA can also cleave fibronectin. We found that HpHtrA efficiently cleaved fibronectin, which was not observed for inactive HpHtrA SA (supplementary Fig S3A online) , indicating that they might share biological functions. As E-cadherin is a new target of HpHtrA, we next analysed whether hHtrA1 can cleave E-cadherin. Interestingly, E-cadherin was efficiently cleaved by 10 ng/ml hHtrA1 in vitro (Fig 2B) . In contrast to HpHtrA, we observed further protein bands, which probably result from multiple cutting events by hHtrA1 (Fig 2B, asterisks) , which also reflect different substrate specificity as described for DegS and DegP (Meltzer et al, 2009 ). These data suggest that both HtrAs have E-cadherin as target, but cleave at different sequences.
As observed in vitro, HpHtrA also mediated E-cadherin ectodomain release from cultured epithelial cells. Low HpHtrA wt concentrations were sufficient to cleave E-cadherin in situ, as reflected by the increase of NTF fragment in the supernatant and loss of E-Cad-FL in cellular lysates (Fig 2C) , supporting our hypothesis that H. pylori-secreted HtrA directly targets E-cadherin on the surface of host cells. An implication of hHtrA1 in E-cadherin ectodomain shedding was excluded in siRNA experiments. Expression of hHtrA1 was efficiently downregulated by 60%, but H. pylori still induced formation of NTF and loss of E-Cad-FL (Fig 2D) .
To demonstrate the specificity of HpHtrA in an unbiased approach, we also tested other putative H. pylori protease candidates (Lö wer et al, 2008) . HP0657, HP1012 and HP0506 were analysed for E-cadherin cleavage, caseinase and IgAse -- Confluent MKN-28 cells were left untreated (mock) or were infected with H. pylori for 16 h. As indicated, cells were co-treated with 100 mM HHI. Loss of E-cadherin (red) was demonstrated using an antibody detecting the extracellular domain. Nuclei (blue) were stained using DAPI. Scale bar, 20 mm. E-Cad-FL, full-length 125-kDa E-cadherin; E-Cad rec., recombinant E-cadherin containing the extracellular domain; HHI, HpHtrA inhibitor; Hp, Helicobacter pylori; HtrA, high-temperature requirement A; NTF, N-terminal fragment; PDZ, PSD-95/Discs-Large/ZO-1.
HtrA cleaves E-cadherin B. Hoy et al activity in vitro. As expected, HpHtrA degraded casein as an artificial substrate, whereas the other tested putative H. pylori proteases were inactive (supplementary Fig S3B online) . As a control, HpHtrA did not cleave recombinant IgA (supplementary Fig S3B online) , EGFR or JAM (supplementary Fig S3C online) , indicating that E-cadherin and fibronectin represent selective substrates for HpHtrA.
HHI is a pharmacological lead compound blocking HtrA
We were unable to generate DhtrA knockout mutants, confirming previous reports that HtrA is an essential H. pylori factor, which cannot be deleted (Salama et al, 2004) . We therefore focused on pharmacological inhibition and performed structure-based virtual screening for small-molecule inhibitors of HpHtrA. A comparative protein model of HtrA (Fig 3A) was used to create a pharmacophore model of the presumed protease active site (Fig 3B) . After virtual screening of compound databases and biochemical tests, we identified HpHtrA inhibitor (HHI; supplementary Fig S4A  online) as a small-molecule inhibitor that efficiently blocked E-cadherin cleavage (Fig 3C) . HHI was docked into the active site of HpHtrA to determine a potential binding mode (Fig 3B) . When HpHtrA was incubated with recombinant E-cadherin and increasing amounts of inhibitor, 10 mM HHI was sufficient to partly block HtrA-mediated E-cadherin cleavage, whereas 30 mM HHI completely blocked the cleavage (Fig 3C) . We determined an IC 50 value of 26 ± 12 mM (supplementary Fig S4B online) . In a biological context, H. pylori-induced ectodomain E-cadherin cleavage in MKN-28 cells was clearly inhibited in the presence of HHI (Fig 3D) . We can exclude that this effect was due to HHI hindering secretion of HtrA into cell supernatants (Fig 3D) , or interfering with H. pylori adherence and viability (Fig 4B) . Although not investigated, we assume that HHI blocks HtrA extracellularly, but not periplasmically. We further demonstrated that HHI did not affect MMP7 activity and that MMP inhibitor II did not block HpHtrA (supplementary Fig S5A online) . Notably, in comparison with HpHtrA, HHI does not inhibit other serine proteases, such as thrombin or chymotrypsin, and a slight effect on trypsin was observed. However, all tested proteases were efficiently targeted by phenylmethyl-sulphonylfluorid (supplementary Fig S5B online) . Furthermore, the E-cadherin cleavage activity of hHtrA1 was not blocked using HHI (supplementary Fig S5C online) . In immunofluorescence studies it was demonstrated that H. pylori induced a loss of the E-cadherin ectodomain staining, which was blocked by addition of HHI (Fig 3E) . Thus, we developed HHI as a first-in-class lead structure for efficiently blocking HtrA-mediated E-cadherin cleavage and disruption of intercellular adhesions. However, it is evident that future research should be devoted to designing and optimizing a more potent, selective and specific inhibitor of HpHtrA. HHI represents a first point of reference for virtual screening studies, which aim at selectivity with regard to other serine proteases and an improved potency. Ideally, new 'drug-like' scaffold structures will be retrieved in future experiments, such as those now being performed in our laboratory.
Our observation that secreted HpHtrA directly cleaves E-cadherin to disrupt adherence junctions adds an important new aspect to the understanding of H. pylori pathogenesis. Soluble H. pylori factors, such as VacA or urease, are still the subject of controversal discussions about whether they directly target intercellular adhesions (Papini et al, 1998; Wroblewski et al, 2009) . To investigate whether HpHtrA contributes to the loss of intercellular adhesions and barrier function, we verified that MKN-28 can establish an impermeable cell monolayer. MKN-28 cells were stained for ZO-1 and E-cadherin to visualize lateral tight junctions and adherence junctions. As expected, tight junctions were localized at the apical end of lateral membranes, with E-cadherin-containing adherence junctions immediately below (supplementary Fig S6A online) . As reported before HtrA cleaves E-cadherin B. Hoy et al (Wroblewski et al, 2009) , MKN-28 cells formed intact tight junctions in a confluent monolayer that could be monitored by the measurement of TER. Infection with H. pylori significantly decreased TER, which was not prevented by HHI treatment of cells (supplementary Fig S6B online) . Together with the observation that purified HpHtrA did not influence TER (supplementary Fig S6C online) , we suggest that HtrAs selectively target E-cadherin-mediated adherence junctions and assume that tight junctions are disrupted by other bacterial factors (for example, VacA or urease), as proposed previously (Papini et al, 1998; Wroblewski et al, 2009 ). On analysing intercellular adhesions, individual H. pylori were seen to actively invade the intercellular space between polarized epithelial cells. We clearly detected H. pylori in the intercellular spaces of confluent MKN-28 cells that were counterstained for the actin cytoskeleton by confocal laser scanning microscopy ( Fig 4A) . Importantly, HHI did not interfere with H. pylori adherence and viability (Fig 4B) . However, HHI significantly inhibited H. pylori entering the intercellular space of confluent MKN-28 cells grown on filters (Fig 4C) , indicating that secreted HtrA allows H. pylori to access the intercellular space between polarized cells in monolayers.
Here, we discovered that HtrA enables H. pylori to invade an intact epithelium between cells, supporting recent electron microscopy analyses of biopsy samples from cancer patients in which H. pylori was found in the intercellular space and at the basal lamina (Necchi et al, 2007) . The identification of H. pylori-secreted HtrA as an E-cadherin protease is therefore an important finding because it reveals how H. pylori uses HtrA as a bacterial protease in a coordinated manner with the injected effector protein, cytotoxin-associated gene A. This leads to the destruction of the epithelial barrier function, allowing persistent H. pylori colonization, nutrition and pathogenesis (Wessler & Backert, 2008) .
In general, secretion of bacterial-derived enzymes represents an efficient way for pathogens to cause pathology. In many pathogens (for example, Campylobacter jejuni and Salmonella typhimurium), HtrA contributes to virulence (Ingmer & Brondsted, 2009 ). However, the detailed mechanism for this in bacterial pathogenesis is unknown. Our finding that H. pylori-secreted HtrA cleaves E-cadherin might uncover a general bacterial strategy in persistent colonization and pathogenesis, and HtrA could therefore, be a promising candidate for therapeutic intervention.
Importantly, we identified a first-in-class lead compound directed against HpHtrA, which exhibits pronounced cell-protective activity without affecting hHtrA1. Owing to the growing spread of antibiotic resistance among bacterial pathogens, developing new therapeutic targets is a pressing issue worldwide. We propose that pharmacological inhibition of bacterial HtrA might act as an effective alternative strategy to combat H. pylori, and also, probably, other bacterial infections.
METHODS
Detailed experimental procedures are described in the supplementary information online. Cell culture and infection. Cells were seeded in tissue culture plates and grown to confluence. Before infection, the medium was replaced by fresh serum-free media. Where indicated, cells were treated with inhibitors or siRNAs. For infection, bacteria were added to the host cells at a multiplicity of infection of 50 or 100.
Western blots and immunofluorescence. Cells were harvested in lysis buffer (Weydig et al, 2007) and separated by SDS-PAGE. Proteins were blotted and probed with a-E-cadherin cl. 36 (BD Transduction Laboratories) to detect the intracellular E-cadherin domain. Monoclonal antibodies HecD1 and H-108 against the extracellular domain of E-cadherin (NTF) were obtained from Calbiochem and Santa Cruz, respectively. Expression of hHtrA1, ADAM10 (Santa Cruz), GAPDH (Abcam) and b-actin (Sigma) was analysed using specific antibodies. HpHtrA antiserum was raised against the N-terminal peptide (C-DKIKVTIPGSNKEY) of HpHtrA (Biogenes GmbH). For immunofluorescence, cells were stained using a-E-cadherin (HecD1 detects the extracellular domain). Filamentous actin was detected with Alexa Fluor 546-conjugated phalloidin (Invitrogen) and nuclei were stained using DAPI (Roche). HtrA modelling and in vitro cleavage experiments. HtrA modelling and inhibitor screen are described in the supplementary information online. For in vitro cleavage studies, 100 ng recombinant E-cadherin (R&D Systems) was incubated with purified HpHtrA wt , HpHtrA SA , hHtrA1 or MMP7 in HEPES, pH 7.4 at 37 1C for 16 h. Where indicated, HHI was added. Supplementary information is available at EMBO reports online (http://www.emboreports.org).
